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NATIONAL ADVISORY COMHITTEE FOR AERONAUTICS

TECHENICAL HOTE NO., 830

DAHMPING CHARACTERISTICS OF DASHPOTS

By John B, Peterson
SUHHARY -

An investigation of the damping characteristics of
dashpots was carried out combining theory and exneriment
Laminar flow was assumed and three equations for the
steady velocity of a piston moving in a ceylinder filled

with liguid were derived. In the first equation, the pis- - .

ton was assumed coaxial in the cylinder and, in the second
equation, the piston was assumed occentrlic in the ecylinder

with an element of the piston in contact with the cylinder _
wall, The third cquation is for a piston of clreular cross  __
section in an elliptical cylinder, Experimonts showed thabt

the piston i1s normally eccentric in tho cyliandor. Tho pls-
tons toestod were 1,25 and 2 inches in diamotor, 0,062 to
1,00 inch long, and the cleoarancoes varied from 1,38 to
5,16 x 107% inch. The difforonce in prossurc on the two
sldes of the piston variled from about 2 to 65 pounds por
squarc inch. The piston velocitics for each assombly woro
measurcd with damping liquids of throe difforent v1scosi—
tics,

At high piston velocities, when furbulont fiow exists,
tho observod volocitiocs worec much lower than the velocitios
calculated on the basis of laminar flow., Results for a
wide range of Reynolds numbers aroc proesented in graphical
form, -

INTRODUCTION

Tho simplo dashpot, which is a piston In a cylindor
filled with liquid %that must pass through the elearance
when there 1is rolative motion betwecn the piston and tho

cylindor, has apparcntly been ncglected in technlcal 1lit-~

erature., Data on the damping coefficiont in tho common

differential equation for ‘damped vibrations of a system ih—‘

cluding a dashpot are singularly lacking. The ‘need for
these data, in order to dosign dashpots intelligontly,

A L e AT
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pronpted the WNational Advisory Comnittee for Aeronautics

to request an invegtigation and to furnish financilal as-~

slstance to carry it out. The linvestigatlion was conducted

at the Wational Bureau of Standards, The assistance of

Hr, 8tarr Truscott in planning the investigation is ace
knowledged, Oredit for the solution of casec 3, a piston

of circular cross sectler in an elliptical cylinder, 1s

duoe to Dr, G. H. Keulsgan, .

THEECBRETICAL AWALYSIS

Tho gonersl notation wused 1n the analysis of the
stoady reclative vaeloclty of tho plston and cylinder in
torns of tho clearance and other deslgn constants is as
follows:

R one-half the sun of the radii of cylindor and ) .
‘ plston . . . o =

c radial clearance boetween piston and cylinder o
wall .

v basoc clearance (fig., 1) . . .
length of piston-

veloclty of cylinder relative to plston
cbserved volocity

calculated volocity

v! volocity of fluid (relative to piston) at dis-
tance x fron piston

v average volocity of fluld (rolative to piston)

P difforonco in fluid prossurec oxn two sidcs of
piston : . -

Wg force exorted on piston
Q volune flow per unit of circunfercnco
total volunc flow

u coefficient of absciute viscosity
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In the theoretical treatnent, it is assumed that the

piston is held stationary and the cylinder is noving up.
Thus, in figure 1 the veloclity of the liquid is shown rel-

ative to the piston,

For steady motion : -

2
ill_—i—-&

ax® —_uL -
4vl - 4 (x + B)
dx P
2
v = A (X2 + Bx
2
If v! =0 when =x =0, D
and if
v! =V when x =G

2
c
VvV = < + B
. .'A'<2

J
' AC

wlo

°)

After substitution of this value in (3)

+

v - A% I
v 2 G

Ax® | ¥x _ ACx
2

The volume flow per unit circunference is

_ 40 VO
- 2 ‘Iz‘.- 2-
. _ Ac® L TC

12 2

Wl

A x%dx + ¥ xdx - & Cxdx
o 2 .. c 2

GS
2

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)
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and the agverage velocity across the clearance,

ACE ¥
= - e 1
M 1z T3 (11)
p¢? v :
= + = 1
iopl | 2 - ¥ (12)

Solutions for the tﬂree cases shown in figure 2 will
be glven,

Case 1: A circular piston travels coaxially in a cir-
cular cylinder.

Casgse 2: A cilrcular plston touches the wall of a cire
cular cylinder, except for a thin film of liguid.

Cgse 3: A eircular piston touches the wall of an ellip~
tical cylinder at the point of intersection of the major ’
axis, except for a thin film of 1liquid,

For case 1, since the averago veloclity of the ligquid
in-the clearance times the area of the clcarance equals
the velocity of the piston timds the cross-scctional area
of the cylindor,

vV 2R C 20

LA 13
v m R® R ( )
From oquations (12) and (13)
: - 3
v = £, ¥C (14)
6R p L R

where the uniform value of the clecarance is dosignated 0.

How. .
. W .
T R '
where Wg .is the forecc oxerted on the piston and mRZ is
the area of the piston, Substitubte this value for P in

cquation (14),
snuL <R> (1 + > . (16)
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For most cmlculations the <%> term may be omitted

and there is obtained as the final equation for case 1

vV = GXEL:<§>5 | (17)

For case 2, where the piston touches one side of the
cylinder wall, the notation is given in figure 1(Db)., The
base radial clearance O, 1is equal to the radius of the
cylinder minus the radius of tho plston, If the clearance
is small in comparison to the cylinder radius, it can be
shown that, approximately, ' ' ' T

¢ = Cy (L + cos f) “(18)

From equation (11), negleéting thé second term and
remembering that C 1in $his equation is the actual clear-
ance, ‘ :

a8

A0

V=T 1z (e
40,2 ' 2
= - 1 + s . 20
T3 ( cos ¢) ] _(_ )
The volume flow past the piston
am ' . :
F =f vOR4A § _ : (21)
"o aT ‘
ARC® /ﬁ g . B . e -
==z ) (Lt rces ) (22)
o : .
- Paﬁ
ARC
= - _152_:/ (1+3 cos H + 3 cos?f + cos® g)ag (23)
".O ' . .
— ALl ARCOS .- ‘(24)

12
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If equation (24) is divided by 2mRC, to got the ave
erage velocity, and for A i1g substituted the value glven
in equation (1)

5AC 2. 5BPC.B

a . e
= e e = 25
Vo 24 24uL (25)

The equation for case 2 follows from esquation (25)
Ly treatment as in oquations (13) to (17),

5Wg 0o\ : : ' .
T = (——-) ’ 26
lamul \R o . (26)

The equation for casc 3 is
Ve /o2 ' a
T = £: <g%> <5.+ 45k + 39ka> (37)
12mpl \R 40 40,

_ In this aquation, € and Xk have the valucs spoci-
fied in flgurec 2, . g

. Because of its limitod application in practlice, the
derivation of oquation (27) is not givon, Ono of tho cyl-
inders usod in the tosts was slightly olliptical in shapse,
and tho thcoretical volocities galculatod by tho_cguation
for caso 3 showed much botter agrooment with observed val-
ucs than the theorotical velocitioes calculatod by the
equations for case 2,

The cquations for thesc throce casos have booen dovol-
opocd on the assumption that thore is no turbulence, An
omplrical cquation for usc in the turbulent rangoe is givon
in the latter part of thie report. (Sce cquation (29).)

EXPERIUENTAL INV4ESTIGATION

'The apparatus shown in figuroe 3 was uscd to dotormino
experimontally tho roclation between applied forco and ve-
loclity of the pistons. A downward force was applied %o
the piston by hanging weights at W. The weight of the
frame, in the liquid, was measured by a spring balance,

Although a travel of 16 inches is possible, it wasg in
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no case found advisable to time the piston for a distance
greater than 6 inches, The center sectlion of the cylinder
was alwayse tlmed, The piston was allowed to come to a con-
stant specd bofore the timing interwval started, so as to
eliminate any inertia offects, Lower spaecds werc timed by
o hand-operated sbtop watch; higher speecds were timed by a
contact~oporatod oclecctric clock, "“
In order to got consistont results the axes of the
cylinder and the piston woroe kopt parallel by adjusting
the top of theo eylinder, in two horigzontal diroctions, by
moans of screws provided for the purposc, (Sce fig, 3.)
The cylinder position was adjustoed to obtain maximum voloc-
ity of the plston for a given load. It was found that ono-
quarter turn on one of thosc screws made an appreciable
differcnce in the volocity, ospeclally for tho longer pise—
tons., : : -

CYLIUTDERS AND PISTOIS

Hard—~drawn brhss tubing, purchased from the Chase
Brass and Copper Company and selected for uniformlty of in-
side diametor, was used for cylinders. Tubes of insido
diometor 1%, 2, and 3 inches wore. purchasod, but no experi-
ments were conducted on the 3-~inch tuboes because of oxces-
slve variation in the inside diameter,

Some of the pistons were constructed of cast iron and
cthers of brass., The final finishing operation on thse
cast-iron pistons was performed on a cylindrical grinder,
The nominal dimensions of the pistons and the rsdial clear-
ances are given in table I, o

MEASUREHENT OF CYLIUDER AND PISTON DIAHETERS .

A modlification of the pneumatic method descrided in
roference 1 was used to measure the inside diamcebters of
the tubes, PFigurc 4(a) shows schomatically the pneunatic
head togethor wlth the pressurc rogulator P and a watoer
manometer, The prossurc regulator sorves to nmointain a
constant prossure in chambor A, The volumc of alr passing
fron this chamber through the capillary restriction € is
o function of tho cloarance betwecon the nozzle ¥ and the
inside wall of the tube, Thercforc the clearance is a
function of tho reading of tho water manonoter.
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A ring micrometor was usod as shown in figure 4(b) to
calibrate this paocunmatic-tube gage. A change 1n cloar-
anco of 0,001 inch caused .a change in the differeontial
prossurc across tho capillary restriction of approximatoly
5 inches of wator,

This same tubo gago was used as shown in figure 4(c)
to mecasure the dianocter of cach piston, Tho clcaranco bo-
twoon tho tuboc and tho piston is thon cqual to the nicron-
oter reading corresponding to the tube dianeter ninus the
nicroneter reading on the pleton, A direct and accurate
neasurenent of the clearance is belleved to have been ob~
tained by this nethod, - -

Although the dlaneter of. each tube was icasured along
its entire longth anéd on cach of six dianmoters, those vale
ues are not included in this report, becauso only tho 6-
inch center section was used in thoe dashpot expoerinents,

As shown in table I, the nmaxinun variation in radial clcor-
ance caused by variation in tube diametor was £0.05 X 1073

inch for tho 1l.,25-inch tube and *0,22 x 107°% inch for
the 2,00-inch tube. This variation was causod alnost en-—
tirely by tho ollipticity of tho cylinders; the tapor waos
noglizible in conmparison. The clearance values of tablo I
are arithnetical averages, It was found that taizing the
average. values of c*® gave velocitlies differing by not
nore than 2 percont from the velocities calculated on the
basis of arithnetical avsrages.

'DAMPING LIQUIDS

Four danping liquids were used. They were highly re-
fined, water-white nineral oils known comnnerclally as
Vacuun oil, Bayol D, and two lots of llarcol., The kinenatic
viscogities of these liquids woerc noasured in the viscosin-
eters described in reference 2. The donsities were doter-
ninoed by the picnometer mothod. The absoluto V1scositios
and thc donsities at tomperaturcs of 24° C and 27° C aro
givon in table II. In thoe experinonts, whon the tonporae-
ture varied slightly from theso tonperaturos, viscositios
and donsities for tho actual tonporatures woerce linoarly
interpolated. .
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COAXIAL OR ECCENTRIC PISTON

At the start of the investigation it was assumed that
the pistons would be slightly steble in the center of tho
cylinder, naoking the radial clearance uniform all around
the circunforence, provided that the cylinder was vertical
and that all parts of the apparatus were properly alinocd,
A1l the ocxporinental data, howover, indicatod that the
plstons were traveling on tho side of tho eylindor., Thoo-
rotically, the piston volocity is 2.5 times greater in tho
ecconftric posgition than in the coax ial position,

As an additional check, in ordor to detormine whethor
the piston was coaxisl or ccceantric, the plston was adjust-
ed for maxinum velocity near the top of the cylinder and a

horizontal side pull of 8 pounds was applied %o the piston o

rod, This side pull flexod tho rod so that the piston ~
axis was no longor parallel to the cylinder axis, and the
volocity dcercased., Aftor adjustment of the cylindor for
parallelisn with the piston, the rato was the sane as with-
out the side pull. This result indicates that the piston
is normnally cccentric in the cylinder. Otherwisc a chango
fron tho coaxial to the ecccentric position, caused by the
side pull, would have increased Htho volocity,

RESULTS OF TESTS

The test results aro all plotted in figure 5, The
ratio of the observed velocity to the calculated veloclty
(casc 2) is plotted against the logarithnm of theo dinen-
sicnless Roynolds nunmber, Tho Reoynolds nunber, dosignated
H to avold confusion with radius R, is given by

P P
H = 0 = vg = 4R = V
o m e} m c
whero
c average radial clearanco between plston

e} -
and cylinder : T

density of liguid

B absolute viscosity of liquid
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v average calculated velocity of liquid in
clearance

R ore—half the sun of the radii of cylinder
and pilston - . o ] R _

Ve pilston velocity) calculated for case 2

and

Vo observed piston velocity

At low Reynolds nunbers, necst of the obseorved veloci-
tiesg agree fairly well with the eccentric-plston theory
(case 2). The largest discropanciocs are encountered in
the values for piston B, It appsars here that the ollipti-
cal shapoc of the cylinder should be takon into considera-
tion., For pleston B, the average of the factors obtained
by dividing each obscerved velocity by the corresponding
veloecity calculated by the equation for case 2 is 1l.24,

If the equation for case 3 1g used in these calculations,
‘this factor is reduced to 1. 04, The effect of the ellipti-
cal cylinder will be nuch less for any other cylinder and

pilston conbination. :

The average of the individual curves of figure 5 is
shown as a heavy dashed lins, Several attenpts to ex-
plain the rather large variagtions of the individual curves
fron the average curve weroc nade without succoss, Soveral
of the tests giving curves of nost guegtionablo shape
(L1¥, X1B, and K2B) woro repeatecd four tinmes; each tine
the tests gave practically the sane result. Theso pistons
wore tosted with sharp edgos and with cdges roundod to a
radius of 0,005 inch, The rosults woro practically tho
sane, Thosc repoat_tests alse indicated that thoe varia-~
tion was not due tv any chance adjustuont or rolative
alinenont of cylindor and piston,

The general oquation for calculating the veloecity of
a piston, arrived at enpirically from the test results, is

5Wg 59 N
P (Y e[t ET] e
12mpL w 12l R
whoerc thoe Roynolds number factor,

¢[4Rﬁ-1—2;:-£- §—>] ¢(4RRV)—F9-

ig taken from the hecavy dotted line of figure 5.
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According to equation (29), the force necessary %o
cause a gilven veloclty varies directly as the lengta of
the piston and inversely as: the cube of the radial clear-
ance, The %tests indicate that, except for errors of ob-
servation, these relations hold for both the lanminar and
the turbulent ranges, for any piston in the series tested
They would not hold for very thin pistons, In the. laninar
range the forece, for a glven velacity, varies directly aos
the cube of the radius of the piston., In the turbulent
range thls relation 1s miore complicated.

DISCUSSION

The results presented in this report indicate that
dashpots should be designed:on the assunption that the
piston will travel against the side wall of the cglinder
rather than concentric with the eylinder. .

In order to attain consistenu danping, the dashpot
should be designed so that the axis of the piston will re-
nain parallel to the axis of the cylinder, This require-—
nent can be attained by zuilding a rizgid piston rod or by
the use of a double piston, as shown in figure 6,

It is bolleved that the best moethod for positively
elininating variation of the coefficient of a dashpot with
tenperature is to hold the dashpot at a constant tenpera~
ture by neans of o thernmostatically controlled elecirical
heater,

A tenperature-compensated dashpot with an aluminun
‘alloy or brongze piston and a cast-iren cylinder appears to
be theoretically feasible., The design has the advantag _
of sinplicity, The disadvantage lies in the difficulty of
ad justing the coefficient after the dashpot has been cqn-
structed., It will have been designed faor a liquid of a
specified viscosity and the substitution of a liguid of a
different viscosity will upset the tenperature compensa-
tion, Likewise, the use of an adjustable bypass valve is
not practicable because the tenperature conpensation
would be effective for only one setting of tlie dbypass’
valve, One rather awkward nethod of controlliing the danp-
ing coefficient would be to adjust the length of onc or
iore lever arils botween the mochanisn and the dashpot.

For .some applications this nethod night be warranted,
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The dcsignoer should roemember that the poercontago
chango in viscosity for'a given change in tomperaturec is
usually less for low-viscosity liqulds that for high-
viscosity liquids.

National Bureau of Standards,
Washington, D. C., August 15, 1941,
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TABLE I
Data on Pistons and Clearancos
l{iaterial Radial clearance
Piston (¢c.I., ¥oninal |Longth (in,)
cast iron; | dianeter Averago Haxinun
B, brass) (in.) (in.) value variation
Bd c.I. 2 0.25 |2,08x10”3| *0,22x10 °
B-8 C.I,. 2 50 | 2,04 £ .22
B-16 c.I. 2 1,00 |2.18 *,22
-4 Cc.I. 2 25 | 5,09 * .22
-8 C.I. 2 «50 | 5,09 +£,.,22
C-16 Cc.I,. 2 1,00 {5,16 *,22
K-1 B 1.25 054} 1,38 +,05
K-2 B 1,25 o 116]1.38 +,05
K.4 c.T. 1.25 2D | 1,38 *,05
.8 c.I, 1,25 50 11,38 +,05
K-16 C.I. 125 1,00 11.38 +.05
L1 B 1,25 .05714,33 + .05
L-2 B 1,25 «1131 4,33 +,05
L-4 C.I. 1,25 e2b 14,33 + .05
L-8 c.I. 1,25 .50 14,33 £,05
L-16 C.1L., 1e25 1,00 14,33 + .05
TABLE II
TISCOSITIES AND DERSITIES
OF FOUR DANPING LIQUIDS TESTED

(Poises can bo
5,6 % 1073,

converted to 1b/sq in. by multiplying by
densitios can be converted to 1b/eu in,

by

nultiplying by 0.03613)
Danping liquid Viscosity (poise) Donsity (gran/cc)
Designa-~
Trade tion at at at at
nane in this| 24° ¢ 27° ¢ 24% ¢ | a7° ¢
paper
Vacuun oil v 0,00830 0.00794 0.773 C.770
Bayol D B 0174 .0165 . 784 » 782
Harcol ¥ 245 e215 « 847 ,841
Marcol N + 215 ,188 «836 .831
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. Figure 2.~ Summary of derived equations for calcunlating the
velocity of pistons on the basis of laminar flow.
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The first lestter of the curve designation is the piston diameter: B and C, 2 inches; K and H,1.25 inches;
the first number, the length of the piston in gixteenths of an inch; the second letter, the liquid,
(see table II); the second mumber, the temperature in og.,

Figure 5.~ Ratio of observed to calculated velocity to logarithm of the Reynolds number.
(A1l logarithms are to the base 10.)
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Figure 6.- Use of a double piston to assure
parallelism of piston and cylinder.



